Introduction {#s1}
============

The world\'s prime choice to curb nuisance biting by mosquitoes or their transmission of parasitic or arboviral disease continues to be the selective application of residual synthetic insecticides. The public health benefit delivered by these, both in tropical resource-poor settings, as well as in temperate zones, cannot be over-emphasized -- they save thousands of lives each year. Powered by a strong industrial lobby, new and more environmentally friendly compounds replace older, more harmful, ones. However, beyond gains in economic and public health terms, the stark reality of environmental impact and ever-developing resistance remains an issue of grave concern ([@i1536-2442-004-19-0001-hemingway1]; [@i1536-2442-004-19-0001-brooke1]; [@i1536-2442-004-19-0001-chandre1]). It is therefore not surprising that interest in alternative non-chemical strategies has increased over the last decades. The use of biological control agents such as predatory fish ([@i1536-2442-004-19-0001-legner1]), bacteria ([@i1536-2442-004-19-0001-becker1]), protozoa ([@i1536-2442-004-19-0001-chapman1]; [@i1536-2442-004-19-0001-legner1]), and nematodes ([@i1536-2442-004-19-0001-kaya1]) have all shown promise as a means to control mosquito populations, and progress in these fields has recently been reviewed.

The available literature on entomopathogenic fungi for mosquito control, however, is rather scattered and void of recent reviews ([@i1536-2442-004-19-0001-roberts3]; [@i1536-2442-004-19-0001-ferron2]). The purpose of the present review is to collate and update the available information about the most important entomopathogenic fungi for mosquitoes. Particular focus is on species belonging to the genera Lagenidium, Coelomomyces, Entomophthora, Culicinomyces, Beauveria, and Metarhizium (see [Table 1](#i1536-2442-004-19-0001-t01){ref-type="table"}), discussing their potential and drawbacks to be used as biological control agents in reducing mosquito populations. [Table 2](#i1536-2442-004-19-0001-t201){ref-type="table"}[](#i1536-2442-004-19-0001-t202){ref-type="table"}[](#i1536-2442-004-19-0001-t203){ref-type="table"} contains a comprehensive list of fungi isolated and/or tested on mosquitoes. Except for the anamorphic fungi, we used the taxonomic nomenclature conform the 9^th^ edition of the dictionary of the Fungi ([@i1536-2442-004-19-0001-kirk1]).

1 Oomycota {#s1a}
----------

The phylogenetic relationship of Oomycetes (watermolds) to fungi has been debated for many years ([@i1536-2442-004-19-0001-kerwin1]). The prevailing view is that Oomycetes belong to the kingdom Chromista, which includes diatoms and brown algae ([@i1536-2442-004-19-0001-sleigh1]). Watermolds are aquatic organisms, some of which are facultative parasites of mosquito larvae. Some genera, such as Aphanomyces, surface from time to time in mosquito insectaries and may cause temporal but disruptive epizootics ([@i1536-2442-004-19-0001-seymour2]). Others, like Leptolegnia, Pythium and Cryptiloca, although pathogenic to mosquitoes, have received only limited attention. Lagenidium giganteum Couch is an aquatic species that has been studied extensively and is commercially available as a mosquito control agent.

### 1.1 Leptolegnia {#s1a1}

In the oomycete genus Leptolegnia, only Leptolegnia caudata deBary ([@i1536-2442-004-19-0001-bisht1]), and Leptolegnia chapmanii R.L. Seymour ([@i1536-2442-004-19-0001-mcinnis2]) have been isolated from insects. Leptolegnia caudata was isolated from the malaria vector Anopheles culicifacies Giles ([@i1536-2442-004-19-0001-bisht1]). In laboratory bioassays, a zoospore concentration of 7 × 10^3^ L^−1^ caused 100% mortality of Anopheles culicifacies larvae after 7 days, and the authors suggested inclusion of this fungus in larval control campaigns to reduce malaria transmission. Leptolegnia chapmanii was first encountered on Ochlerotatus triseriatus (Say) larvae in Louisiana (USA) in 1971 ([@i1536-2442-004-19-0001-seymour1]). It is a virulent pathogen of first and second instar larvae of Aedes aegypti (L.), which suffer 100% mortality within 24 hrs after exposure. Less than 40% of third and fourth instars were infected after 72 hrs ([@i1536-2442-004-19-0001-mcinnis2]). The authors reported equal susceptibility of Culex quinquefasciatus Say, Anopheles quadrimaculatus Say and Anopheles albimanus Wiedemann to the fungus. [@i1536-2442-004-19-0001-nnakumusana2] found 100% mortality of Anopheles gambiae Giles larvae after 72 hrs. [@i1536-2442-004-19-0001-lord2] studied the potential of this fungus against the salt marsh mosquito Ochlerotatus taeniorhynchus (Wiedemann) in Florida, USA. Unfortunately the fungus failed to form zoospores and therefore promised little potential to control mosquito populations in saline environments. [@i1536-2442-004-19-0001-mcinnis1] investigated the host range of Leptolegnia chapmanii by testing it on six different aquatic insect orders, reporting no infections. Leptolegnia spp. are easy to culture *in vitro*, but tend to loose their larvicidal activity after prolonged culture, albeit that this effect can be reduced by growing the fungus on sterol-rich media ([@i1536-2442-004-19-0001-nnakumusana2]). For detailed information regarding the Leptolegnia life cycle and infection of mosquito larvae, see [@i1536-2442-004-19-0001-zattau1] and [@i1536-2442-004-19-0001-seymour1].

### 1.2 Pythium {#s1a2}

Most species belonging to the genus Pythium are pathogens of vascular plants, other fungi, and algae ([@i1536-2442-004-19-0001-vanderplaats-niterink1]). Some species however, have been found to be mildly, to highly pathogenic to insects. A Pythium sp. caused a high level of mortality in a field collection of the tree hole mosquito Ochlerotatus sierrensis (Ludlow) ([@i1536-2442-004-19-0001-clark2]). In 1988, Saunders et al. isolated Pythium flevoense Van der Plaats-Niterink from wild populations of Ochlerotatus sierrensis in California, occurring in 42% of the sampled tree holes, although this fungus caused infections in only 14% of larvae during 21 weeks of exposure in laboratory bioassays.

[@i1536-2442-004-19-0001-nnakumusana1] mentions that in a laboratory bioassay a non-identified Pythium species proved pathogenic to early instars of Aedes aegypti, Aedes africanus (Theobald), Aedes simpsoni (Theobald), Culex quinquefasciatus, Culex tigripes Grandpré and Charmoy and Anopheles gambiae, reaching mortalities between 50--100%. In other laboratory tests, an unidentified Pythium species selectively killed larvae of Anopheles freeborni Aitken, Ochlerotatus sierrensis, Ochlerotatus triseriatus (Say), Culex tarsalis Coquillet, Culiseta incidens (Thomson), Culiseta inornata (Williston), Orthopodomyia californica Bohart, and Uranotaenia anhydor Dyar that were mechanically punctured with forceps ([@i1536-2442-004-19-0001-clark2]). The fact that this fungus infected mechanically injured larvae rather than healthy larvae indicates that the fungus is opportunistic rather than strictly entomopathogenic. Even though different mosquito species proved to be susceptible, Clark and colleagues concluded that the conditions under which the infective stage of the fungus could become an important control agent would be hard to achieve, and rather unpractical.

[@i1536-2442-004-19-0001-su2] isolated P. carolinianum Matthews from Guizhou province, China, in 1994. In outdoor bioassays the authors found infection levels of 13.3--100% in Culex quinquefasciatus larvae, and mentioned that a population of Aedes albopictus (Skuse) was 'markedly controlled', but no infection percentages were given. Notwithstanding the pathogenicity of some Pythium species to mosquitoes, on the whole they are not considered suitable for biocontrol of mosquitoes. For detailed taxonomic information about the genus Pythium, see [@i1536-2442-004-19-0001-vanderplaats-niterink1].

### 1.3 Lagenidium {#s1a3}

Only one species of the genus Lagenidium is known to be a facultative parasite of mosquito larvae, namely Lagenidium giganteum. It consists of two stages: oospores (sexual), and zoospores (asexual) (See [Fig. 1](#i1536-2442-004-19-0001-f01){ref-type="fig"}). Although this fungus has been named Lagenidium culicidum Umphlett in some publications ([@i1536-2442-004-19-0001-umphlett2]; [@i1536-2442-004-19-0001-mccray1]), this was later shown to be Lagenidium giganteum ([@i1536-2442-004-19-0001-couch4]).

Lagenidium giganteum was first described by [@i1536-2442-004-19-0001-couch1] from a combined collection of copepods and mosquito larvae (Culex and Anopheles) in North Carolina, USA. The geographical distribution is wide: North America, Europe, Africa, Asia, and even Antarctica ([@i1536-2442-004-19-0001-federici1]). The fungus has caused high mortalities in mosquito populations in many laboratories, small- and large-scale field studies (California and North Carolina), especially in Culex ([@i1536-2442-004-19-0001-merrriam1]; [@i1536-2442-004-19-0001-jaronski1]), Mansonia (Florida) ([@i1536-2442-004-19-0001-cuda1]) and Anopheles species ([@i1536-2442-004-19-0001-kerwin6]). Laboratory tests by [@i1536-2442-004-19-0001-mccray1], showed that the fungus could successfully infect and kill larvae of Aedes aegypti, Ochlerotatus triseriatus, Aedes mediovittatus (Coquillett), Ochlerotatus taeniorhynchus Wiedemann, Ochlerotatus sollicitans (Walker), Ochlerotatus taeniorhynchus Theobald, Culex quinquefasciatus and Culex restuans Theobald ([@i1536-2442-004-19-0001-umphlett2]). Anophelines were not found to be susceptible. Also, the fungus is not effective for mosquitoes in brackish or organically rich aquatic habitats ([@i1536-2442-004-19-0001-merrriam1]). The fungus was also ineffective against Ochlerotatus taeniorhynchus Dyar and Knab, Ochlerotatus tormentor Dyar and Knab, Anopheles crucians Wiedemann, Culex peccator Dyar and Knab, Psorophora howardii Coquillett, Uranotaenia sapphirina (Osten Sacken) ([@i1536-2442-004-19-0001-glenn1]), and Aedes albopictus ([@i1536-2442-004-19-0001-becnel1]). [@i1536-2442-004-19-0001-suh1] found maximum virulence of Lagenidium giganteum against Culex quinquefasciatus at concentrations of \>150 zoospores ml^−1^ of water, at water temperatures between 20 and 30° C Survival of zoospores as indicated by mosquito larval mortality was greatest at 25° C and was similar at 30, 33, and 35° C. No infection occurred at 17° C and less than 20% larval mortality occurred at 19° C for any age of zoospores. [@i1536-2442-004-19-0001-golkar1] studied this variation in susceptibility between different culicines and anophelines in terms of encysting zoospores and host defense reactions. For Anopheles gambiae it was found that, even though a larger number of zoospores attached to its cuticle than would normally be expected in nature, its efficient fast and intense defense (melanization) reaction successfully protected 56% of exposed specimens from death. This immune response was much faster than that observed for Aedes aegypti and Culex pipiens L. Although a very small number of zoospores attach to and penetrate the cuticle of Aedes aegypti and Culex pipiens (compared to the number attached to Anopheles gambiae), approximately 99% of both species succumb to fungal infection. [@i1536-2442-004-19-0001-mccray1] found 100% mortality of several Aedes and Culex larvae, including Culex quinquefasciatus. Other studies show that 100% mortality occurs when the larvae are very young. [@i1536-2442-004-19-0001-orduz1] reported high virulence for 1--2 day old larvae, intermediate mortality in 3-day-old larvae and low mortality in 4--5 day old larvae. [@i1536-2442-004-19-0001-kerwin6] supported this finding and suggested that Lagenidium giganteum zoospores might not recognize late instars of otherwise susceptible mosquito species.

As a facultative parasite, Lagenidium giganteum can grow vegetatively both as pathogen on mosquito larvae, or as a saprophyte in aquatic environments ([@i1536-2442-004-19-0001-federici1]; [@i1536-2442-004-19-0001-service2]; [@i1536-2442-004-19-0001-legner1]; [@i1536-2442-004-19-0001-su2]). Maintenance of the fungus *in vivo*, though labor-intensive, is possible ([@i1536-2442-004-19-0001-kerwin1]), but *in vitro* culture using both defined and complex media ([@i1536-2442-004-19-0001-kerwin4]; [@i1536-2442-004-19-0001-guzman1]; [@i1536-2442-004-19-0001-su2]) is more commonly practiced ([@i1536-2442-004-19-0001-kerwin1]). For small-scale culture of Lagenidium giganteum, solid media are used. For large-scale (10--1000 L) production, liquid cultures of yeast extract-based media ([@i1536-2442-004-19-0001-kerwin1]) are utilized.

Fungal reproduction is both asexual (zoospores) and sexual (oospores) ([@i1536-2442-004-19-0001-federici1]). In order to infect mosquito larvae, zoospores must be formed. These biflagellate, motile zoospores are the asexual stage of the fungus. They do not have a cell wall, and are therefore too fragile to be used directly for mosquito control ([@i1536-2442-004-19-0001-kerwin2]). A further disadvantage of the asexual stage is its short shelf life; zoospores survive for only 48 hrs after emerging from an infected larva. Further problems include the need to keep the mycelium completely hydrated, its susceptibility to be overwhelmed by contaminating microorganisms following formulation, lack of stability under extreme temperatures, and special handling required to keep the formulated product from becoming anaerobic ([@i1536-2442-004-19-0001-su1]; [@i1536-2442-004-19-0001-kerwin4]; [@i1536-2442-004-19-0001-kerwin2]). Several methods have been tried to overcome these issues, for instance by encapsulating the fungus in several types of calcium alginate beads ([@i1536-2442-004-19-0001-rueda1], [@i1536-2442-004-19-0001-rueda2]; [@i1536-2442-004-19-0001-patel1]). This proved to increase retention of infectivity against mosquito larvae and more convenience in storing, handling and application ([@i1536-2442-004-19-0001-rueda1]). The level of control of anophelines, for instance, was found to increase when 1% ground cork was added to the capsules ([@i1536-2442-004-19-0001-rueda2]).

Oospores, the sexual stage of Lagenidium giganteum, can also be used as inoculum. They are dormant propagules, resistant to desiccation and mechanical abrasion and stable for at least seven years, which allows multivoltine persistence of the fungus in some habitats ([@i1536-2442-004-19-0001-kerwin4]; [@i1536-2442-004-19-0001-kerwin2]). Unfortunately, mass production yields of oospores remain orders of magnitude below that of the less stable mycelial (asexual, presporangial) stage, and continued problems with spore activation have prevented large-scale field tests ([@i1536-2442-004-19-0001-merrriam1]; [@i1536-2442-004-19-0001-kerwin6]; [@i1536-2442-004-19-0001-legner1], [@i1536-2442-004-19-0001-kerwin1]). Research is continuing to improve oospore yields, which would be much more useful than zoospores in large-scale operational mosquito control programs.

Zoospores of the fungus appear harmless to most aquatic invertebrates (one or more species in the animal groups of Polychaeta, Ostracoda, Copepoda, Cladocera, Diptera, Coleoptera, Hemiptera, and Odonata) ([@i1536-2442-004-19-0001-nestrud1]), and to vertebrates (mallard ducks, mice, rats, and rabbits) ([@i1536-2442-004-19-0001-kerwin3]). Only Daphnia spp. and copepods reported by [@i1536-2442-004-19-0001-couch1], three cladoceran species and a chironomid species reported by [@i1536-2442-004-19-0001-nestrud1] were found to be susceptible.

In spite of these non-target effects, a Lagenidium giganteum-based product was commercialized under the name Laginex by AgraQuest (California, USA) until 1999. It was claimed to be particularly effective against Culex spp., but the kind of spore used was not mentioned ([@i1536-2442-004-19-0001-khetan1]). The fungus is compatible with the bacterial agents Bti and Bacillus sphaericus Meyer and Neide when used against Culex quinquefasciatus ([@i1536-2442-004-19-0001-orduz1]), with the fungus having the distinct advantage over Bti in that it is able to recycle in stagnant water, infecting multiple and overlapping generations of mosquitoes ([@i1536-2442-004-19-0001-legner1]). In field trials in which Laginex 25 was compared with Vectobac-12AS (Bti), Laginex reduced Culex quinquefasciatus larvae by 100% for 22 days whereas Vectobac-12AS required retreatment by the 10^th^ day ([@i1536-2442-004-19-0001-hallmon1]). Results from a small scale field trial in North Carolina indicated that Lagenidium giganteum recycled for an entire season despite periodic scarcity of hosts and short-term drought, with infections ranging from 0--100% ([@i1536-2442-004-19-0001-jaronski1]). A large-scale field trial in Californian rice fields, using mycelium from either 20 or 30 liters of fermentation beer per hectare resulted in 40%--90% infection of Culex tarsalis and Anopheles freeborni sentinel larvae ([@i1536-2442-004-19-0001-kerwin6]). For details about culture media, see [@i1536-2442-004-19-0001-kerwin1] and for detailed information about the life cycle of Lagenidium giganteum, see [@i1536-2442-004-19-0001-kerwin2], [@i1536-2442-004-19-0001-kerwin1], or [@i1536-2442-004-19-0001-woodring1].

### 1.4 Crypticola {#s1a4}

Crypticola clavulifera Humber, Frances and Sweeney has been isolated from the midge Forcipomyia marksae Tokunaga (Ceratopogonidae) in Queensland, Australia, in 1984 ([@i1536-2442-004-19-0001-frances4]). Its biology is similar to that of Lagenidium giganteum. In the laboratory the fungus successfully infected Aedes notoscriptus (Skuse), Anopheles farauti Laveran, Culex annulirostris Skuse, Culex quinquefasciatus ([@i1536-2442-004-19-0001-frances2]), and Aedes aegypti ([@i1536-2442-004-19-0001-frances4], [@i1536-2442-004-19-0001-frances2]). Aedes kochi (Dönitz) was not susceptible ([@i1536-2442-004-19-0001-frances2]). Despite its pathogenicity to several mosquito species no further studies have been published on this fungus.

2 Chytridiomycota {#s1b}
-----------------

Members of this phylum are aquatic saprobes or parasites growing on decaying and living organic material, both in freshwater and soils ([@i1536-2442-004-19-0001-kirk1]). They have flagellate zoospores, and chitinous hyphae. The phylum consists of 5 orders, of which the Blastocladiales contains the only mosquito-pathogenic genus of this group: Coelomomyces.

### 2.1 Coelomomyces {#s1b1}

The genus Coelomomyces consists of more than seventy species of obligatory parasitic aquatic fungi that undergo a complex life cycle involving alternating sexual (gametophytic) and asexual (sporophytic) generations ([@i1536-2442-004-19-0001-couch3]) (See [Fig. 2](#i1536-2442-004-19-0001-f02){ref-type="fig"}). The genus has been found in all continents except Antarctica ([@i1536-2442-004-19-0001-roberts3]). Unlike most other entomogenous fungi, which have rather wide host ranges, involving species in several orders of insects, Coelomomyces is almost entirely restricted to aquatic Dipteran insects, including Culicidae, Psychodidae, Chironomidae, Simuliidae and Tabanidae ([@i1536-2442-004-19-0001-area1]; [@i1536-2442-004-19-0001-chapman1]; [@i1536-2442-004-19-0001-roberts2]). Susceptibility studies indicate that most Coelomomyces spp. are probably not host-specific, but nevertheless have relatively restricted host ranges ([@i1536-2442-004-19-0001-federici1]).

Because of the high pathogenicity of many Coelomomyces species to mosquito larvae, the fungal genus has interested many researchers. Publications on Coelomomyces and the Oomycete Lagenidium giganteum together compromise the majority of studies published on entompathogenic aquatic fungi that affect mosquito larvae. [@i1536-2442-004-19-0001-chapman4] listed all hosts for Coelomomyces found in the USA. They list seventeen species belonging to six mosquito genera (Culex, Culiseta, Aedes, Anopheles, Psorophora, and Uranotaenia), with fungi being most common in the genus Anopheles followed by Aedes and Culex ([@i1536-2442-004-19-0001-chapman1]). [@i1536-2442-004-19-0001-roberts4] listed 22 Coelomomyces species found on 31 mosquito species and [@i1536-2442-004-19-0001-weiser1] listed up to 28 Coelomomyces species found on over 60 mosquito species. The basic life cycle has been determined for 11 of the 60 species and subspecies of Coelomomyces recognized by [@i1536-2442-004-19-0001-couch3]. Of those 60 species, Coelomomyces indicus Iyengar, a strain with special features and wide distribution has been given much attention. This species has been reported from Africa, the Philippines, India, and Pakistan. The Dipteran hosts include 16 species of anopheline mosquitoes, including several important vectors of malaria, such as Anopheles gambiae ([@i1536-2442-004-19-0001-muspratt1]). It is known to persist and cause periodic epizootics in rice fields in Southeast Asia ([@i1536-2442-004-19-0001-whisler1]), Egypt ([@i1536-2442-004-19-0001-gad1]) and Kenya ([@i1536-2442-004-19-0001-service1]).

The life cycle of Coelomomyces is complex and includes obligatory development in an intermediate microcrustacean host (cyclopoid copepods, harpacticoid copepods, or ostracods) and two mosquito generations for completion ([@i1536-2442-004-19-0001-whisler2], [@i1536-2442-004-19-0001-whisler1]; [@i1536-2442-004-19-0001-lucarotti3]). The fungus survives unfavorable environmental conditions, such as cold or dry periods, as resting sporangia (RS) ([@i1536-2442-004-19-0001-buchanan1]) that develop from diploid hyphae in infected mosquito larvae. Normally, the larvae die in the 4^th^ stage and RS are released as the cadavers decompose. Meiosis occurs in the RS and the posteriorly uniflagellate meiozoospores that emerge from the RS infect the appropriate microscrustacean host and establish the haploid, gametophytic stage, which develops in the hemocoel ([@i1536-2442-004-19-0001-padua1]; [@i1536-2442-004-19-0001-federici2]; [@i1536-2442-004-19-0001-lucarotti3]). At maturation, the gametophyte cleaves forming thousands of uniflagellate gametes. Cleavage results in death of the copepod and escape of the gametes, which fuse forming biflagellate zygotes (zygospores) that seek out to infect another mosquito larva ([@i1536-2442-004-19-0001-lucarotti3]). The zygotes encyst preferentially on the intersegmental membranes of young and/or recently molted ([@i1536-2442-004-19-0001-lacey2]) mosquito larvae. They enter epithelial cells just below the larval cuticle by means of a penetration tube. From there, the fungus enters the hemocoel where it uses the reserves of the larval fat body to develop into irregularly shaped hyphae without cell walls ([@i1536-2442-004-19-0001-roberts3]). Sporangia are produced within the hyphae at their tips. These sporangia usually become so numerous that they virtually fill the hemocoel ([@i1536-2442-004-19-0001-roberts3]). In most cases the larva then dies and forms resting spores (to complete the life cycle). Occasionally, however, the infected larva pupates and ecloses to produce infected adults, an event that [@i1536-2442-004-19-0001-mitchell1] credited to be described first by Zharov in 1973 for adult Aedes vexans (Meigen) infected with Coelomomyces psorophorae Couch. The same phenomenon was later described for Coelomomyces stegomyiae var. stegomyiae Keilin infecting adult Aedes albopictus ([@i1536-2442-004-19-0001-laird2]). Later studies by [@i1536-2442-004-19-0001-lucarotti2], [@i1536-2442-004-19-0001-shoulkamy2], and [@i1536-2442-004-19-0001-lucarotti4], describe this process in more detail for adult Aedes aegypti infected with Coelomomyces stegomyiae. In adult female Aedes aegypti, the infection is mostly localized in the ovaries ([@i1536-2442-004-19-0001-lucarotti2]). During the first 72 hrs following eclosion, as the ovaries enlarge under the influence of juvenile hormone, the hyphae in the hemocoel are transferred to the interstitial spaces of the ovaries. The hyphae in the ovaries will mature to RS in response to changes in host ecdysone levels following a blood meal ([@i1536-2442-004-19-0001-lucarotti2]). Even though Coelomomyces-infected females will mate, no eggs will develop in the ovaries. Females do, however, attempt to oviposit, but instead of eggs, resting spores are laid ([@i1536-2442-004-19-0001-lucarotti1], [@i1536-2442-004-19-0001-lucarotti2]). Infected adult female mosquitoes therefore play a role in the transmission of the fungus to new habitats, which is especially useful for those species of Coelomomyces that infect mosquitoes occupying small habitats such as tree holes or water containers ([@i1536-2442-004-19-0001-laird2]; [@i1536-2442-004-19-0001-lucarotti3]; [@i1536-2442-004-19-0001-shoulkamy2]).

In contrast to other types of pathogens reported from mosquitoes, many species of Coelomomyces are known to cause significant epizootics, which can persist in larval populations over several years and result in prevalence and mortality rates exceeding 50% and often ranging higher than 90% ([@i1536-2442-004-19-0001-apperson1]). For an extensive overview of the genus Coelomomyces and its hosts, its epizootics in mosquito populations and control programs, see [@i1536-2442-004-19-0001-couch3]. For details on the infection process, see [@i1536-2442-004-19-0001-shoulkamy1], and [@i1536-2442-004-19-0001-couch3].

In a review of data obtained from mosquito populations in Louisiana, [@i1536-2442-004-19-0001-chapman2] noted infection rates of 96% for Coelomomyces psorophorae in Psorophora howardii Coquillett and Culiseta inornata (Williston), 97% for Coelomomyces macleayae Laird in Aedes triseriatus, 92 % of Coelomomyces pentagulatus in Culex erraticus (Dyar and Knab), and 100% for Coelomomyces punctatus Couch in Anopheles crucians. [@i1536-2442-004-19-0001-legner1] mentions studies in which infection levels exceeding 95% were reported from Culiseta inornata and P. howardii by Coelomomyces psorophorae and in Ochlerotatus triseriatus by Coelomomyces macleayae and 85 percent in Culex peccator Dyar and Knab by Coelomomyces pentangulatus. Infection levels as high as 100% have been reported.

[@i1536-2442-004-19-0001-apperson1] cite studies by [@i1536-2442-004-19-0001-deshevykh1], who found Coelomomyces iliensis Dubitskij for a two-year period in Culex modestus Ficalbi in Kazachstan, and [@i1536-2442-004-19-0001-muspratt2], who reported 100% Coelomomyces infection in some Zambian Anopheles gambiae populations. However, even though many epizootics have been reported, field incidence of mycoses caused by Coelomomyces spp. in mosquito larvae is low ([@i1536-2442-004-19-0001-lacey2]). Infection rates of 24--48% were reported in Anopheles crucians and Anopheles quadrimaculatus in the southeastern USA ([@i1536-2442-004-19-0001-umphlett2]). The latter infection level was maintained for three years, showing that the fungus did indeed persist, although the infection levels decreased over time to a mere 10% ([@i1536-2442-004-19-0001-umphlett1]). This decline in mosquito infection rates over a period of several years may be due to reduced copepod populations resulting from parasitisation by Coelomomyces ([@i1536-2442-004-19-0001-apperson1]). In the southern USA, [@i1536-2442-004-19-0001-umphlett2] and [@i1536-2442-004-19-0001-chapman3] reported the persistence of Coelomomyces punctatus for at least 4 years in populations of anopheline larvae, with infection rates ranging from 12--67%. In 1976, Coelomomyces was introduced on a small Pacific island to control Aedes polynesiensis Marks, a vector of filariasis ([@i1536-2442-004-19-0001-laird1]). This trial marks one of the few attempts to establish a mosquito pathogen in an area where it did not previously exist. The introduction was successful and the fungus remained active in the new locality for at least seven years. Other successful field trials thus far have been conducted with C. iliensis in the former Soviet Union. High levels of mortality in mosquito larvae over a broad geographical area were reported after inoculation of habitats with infective material ([@i1536-2442-004-19-0001-lacey2]). However, results from such field trials are often less clear-cut, due to large variations in infection levels ([@i1536-2442-004-19-0001-chapman1]; [@i1536-2442-004-19-0001-federici1]; [@i1536-2442-004-19-0001-service2]). For example, following treatment of a rice field in Egypt with sporangia (prior to drying at the end of the growing season) from Anopheles pharoensis Theobald, infection levels in larvae collected the following season varied between 0--94% ([@i1536-2442-004-19-0001-roberts3]). Couch (1972) introduced sporangia of Coelomomyces punctatus into ditches of North Carolina (USA) along with eggs of Anopheles quadrimaculatus. Infection rates in larvae collected 10--15 days later varied from 0--100% (mean 60%). Additionally, [@i1536-2442-004-19-0001-federici1] mentions that [@i1536-2442-004-19-0001-dzerzhinskij1] obtained similar fluctuating infection levels with Coelomomyces iliensis against Culex modestus in the former Soviet Union.

These unpredictable infection rates, together with its complicated life cycle make this fungus unsuitable for the control of mosquito populations, according to [@i1536-2442-004-19-0001-service2]. In contrast, [@i1536-2442-004-19-0001-federici1] and [@i1536-2442-004-19-0001-lacey2], after reviewing the potential of various Coelomomyces species for mosquito control, conclude that the fungus does offer potential. They lay emphasis on the relative specific host range (mainly mosquitoes) and the devastating effects of natural epizootics on larval populations. [@i1536-2442-004-19-0001-kerwin1] add to this the development of resistance by mosquitoes to available insecticides, and the subsequent need to improve knowledge of alternative methodologies, such as the use of Coelomomyces, to control mosquito populations. The most important reason for the fungus not being used very often for biological control of mosquitoes is the difficulty of mass-production, because its complex life cycle includes micro-crustaceans. Even though some progress has been made in culturing mycelia on synthetic media ([@i1536-2442-004-19-0001-castillo1]; [@i1536-2442-004-19-0001-shapiro1]), no species of Coelomomyces has been successfully cultured *in vitro* to date. Further application of Coelomomyces as a direct mosquito control agent is dependent on the development of easily cultured inoculum ([@i1536-2442-004-19-0001-legner1]).

3 Zygomycota {#s1c}
------------

The phylum Zygomycota exists of the two Classes, the Trichomycetes and Zygomycetes. Zygomycetes are characterized by the presence of a coenocytic mycelium, by the absence of flagellate spores, and by sexual reproduction through the formation of zygospores. The most important entomopathogens in the Zygomycota belong to the order Entomophthorales ([@i1536-2442-004-19-0001-humber1]). There are presently about 200 known species classified in six genera of entomopathogenic fungi in this order. All but one genus (Massospora) are characterized by the production of forcibly discharged spores ([@i1536-2442-004-19-0001-khachatourians1]) (See [Fig. 3](#i1536-2442-004-19-0001-f03){ref-type="fig"}). Entomophthorales have been reported from many regions, including Africa, but the majority of the literature is on species from the northern hemisphere. Many epizootics have been reported, most of them in rather cool (1--20° C), moist (44--100% RH) biotopes in middle and northern Europe, the former Soviet Union and North America. They are common, obligate pathogens of a wide range of insects, typically infecting adults (except for Entomopthora aquatica J.F. Anderson and Anagnostakis and Entomopthora conglomerata Sorokin (Keller) that have been found on aquatic stages of insects), and unable to grow saprophytically ([@i1536-2442-004-19-0001-bidochka1]; [@i1536-2442-004-19-0001-eilenberg1]). Many species have restricted host ranges and some predominantly infect mosquitoes ([@i1536-2442-004-19-0001-humber1]).

The life cycle of an Entomophthorales starts with a spore that infects a host by penetration of the integument. This takes place some 12 hrs after initial contact ([@i1536-2442-004-19-0001-lowe1]). The fungus develops vegetatively in the host hemocoel by producing small, readily circulated, rod-like hyphal bodies and, depending on the temperature, completes the infection-cycle normally within a few days ([@i1536-2442-004-19-0001-humber1]). After completing the infection, just before the host dies, the insects are sometimes fixed to a substrate (e.g. leaves) by special hyphae (rhyzoids). After death of the host, the fungus produces sporangiophores, which actively discharge new, primary, spores. These primary spores are short-lived. [@i1536-2442-004-19-0001-roberts3] reports that infected adults were no longer useful as inoculum eight days after the first spores were produced. Primary spores that do not contact a suitable host upon discharge have the ability to produce secondary spores, which may also be forcibly dispersed ([@i1536-2442-004-19-0001-humber1]; [@i1536-2442-004-19-0001-eilenberg1]). Although spores of Entomophthorales are far bigger than conidia of Hyphomycetes, aerial distribution is not uncommon ([@i1536-2442-004-19-0001-hajek1]). To survive the winter, they develop thick-walled spores, which are usually referred to as resting spores, although in strict mycological terms they are zygospores ([@i1536-2442-004-19-0001-humber1]). These resting spores form new primary spores in the spring.

In reviews on Entomophthorales, their potential for biocontrol is often stressed because of high levels of infection observed in nature, and the theory that they can remain active in a site for several years ([@i1536-2442-004-19-0001-hajek1]; [@i1536-2442-004-19-0001-eilenberg1]). Release-experiments with Entomopthora maimaiga in Michigan showed that the fungus is able to establish itself easily in new territory and cause epizootics in target species ([@i1536-2442-004-19-0001-smitley1]). Unfortunately, no commercial formulations are yet available. For more detailed information about the biology, infection and host ranges of the order Entomophthorales, see Eilenberg (2002).

Trichomycetes are fungi that live hidden within the digestive tract of many arthropod species within several orders (including larvae of Diptera, Ephemeroptera and Plecoptera, and adults of some isopods, cladocerans, amphipods, copepods, Collembola, Coleoptera, and diplopods ([@i1536-2442-004-19-0001-lichtwardt3]). They may be seen as branched or unbranched fungal bodies (thalli) firmly attached to the gut lining and lying within the gut lumen from which they obtain their nutrients ([@i1536-2442-004-19-0001-lichtwardt1]). The class contains four orders, only one of which, Harpellales, contains a genus, Smittium, with mosquito-pathogenic species. For detailed information on the biology of Trichomycetes, see [@i1536-2442-004-19-0001-lichtwardt1].

### 3.1 Conidiobolus {#s1c1}

[@i1536-2442-004-19-0001-lowe2] reported Conidiobolus coronatus (Constantin) Batko (formerly Entomohphtora coronata) in Culex quinquefasciatus from a colony of adult mosquitoes maintained in large, outdoor screened cages. The fungus has been found in several orders of insects and in two other classes of invertebrates, and is considered to have the widest host range among the Entomophthorales, but it is a rather weak pathogen ([@i1536-2442-004-19-0001-humber1]). Adult Ochlerotatus taeniorhynchus and Culex quinquefasciatus treated with Conidiobolus coronatus suffered increased mortality at 7 days post-treatment ([@i1536-2442-004-19-0001-lowe1]). This increase was greater in Ochlerotatus taeniorhynchus than in Culex quinquefasciatus. However, besides infecting insects, this species has been reported as causing facial infection in man ([@i1536-2442-004-19-0001-bras1]) and horses ([@i1536-2442-004-19-0001-emmons1]), therefore excluding its use as a biocontrol agent. Aside from Conidiobolus coronatus, no infections of vertebrates have been reported for insect-parasitizing Entomophthorales.

### 3.2 Entomophthora {#s1c2}

As in other Entomophthoraleans, Entomophthora infections primarily occur in adult rather than in larval mosquitoes. Entomophthora culicis (Braun) Fresenius was discovered and described from adult Culex pipiens in Germany in 1855 ([@i1536-2442-004-19-0001-braun1]). [@i1536-2442-004-19-0001-kramer1] lists a number of mosquito species on which the fungus occurs in nature, including other Culex species, Ochlerotatus detritus (Haliday), Anopheles maculipennis Meigen, Myzomyia hispaniola Theobald (synonym for Anopheles cinereus Theobald), and an unspecified Asian Aedes species. In a laboratory study 80% infection of adult Aedes aegypti, and 100% of Anopheles stephensi Liston, was achieved from diseased adult midges, Chironomus decorus Johannsen ([@i1536-2442-004-19-0001-kramer1]). In a study published a year later by the same author, transmission of Entomophthora culicis from the donor Cricotopus similis Goetghebuer (a Chironomid) to the mosquitoes Anopheles stephensi and Culex pipiens was possible, but infection rates differed. 100% of Anopheles stephensi succumbed to infection compared to only 20% of Culex pipiens ([@i1536-2442-004-19-0001-kramer2]). Mortalities of over wintering mosquitoes infected with Entomophthora spp. (e.g. Entomophthora destruens Weiser and Batko and E. culicis) in damp, relatively cold biotopes such as caves or basements are frequently very high ([@i1536-2442-004-19-0001-chapman1]; [@i1536-2442-004-19-0001-roberts3]; [@i1536-2442-004-19-0001-weiser1]). Mortalities of 85--100% in former Czechoslovakia and 80--90% in the Netherlands have been reported ([@i1536-2442-004-19-0001-teernstra-eeken1]; [@i1536-2442-004-19-0001-mietkiewski1]). [@i1536-2442-004-19-0001-roberts3] describes a study by [@i1536-2442-004-19-0001-goldberg1], where Culex pipiens was infected with an Entomophthora species. Field-collected infected adults were used as inoculum, resulting in 0% infection in 1--3^rd^ instar larvae, 25% in 4^th^ instars, 63--88% in pupae, 33--67% in male adults, and 65--100% in female adults. [@i1536-2442-004-19-0001-roberts3] then summarizes several reports of Entomophthora conglomerata, Entomophthora destruens, or unclassified Entomophthora sp. infecting Culex pipiens in nature (yielding infection rates of 49%, 100% and 97%, respectively) suggesting that the fungal isolates involved may be rather species-specific. Entomophthora muscae (Cohn) Fresenius, a well-known Entomophthora species that causes epizootics among pest flies, proved to be able to infect only 3% of exposed Aedes aegypti ([@i1536-2442-004-19-0001-steinkraus1]). Further, Entomophthora conica (Nowakowski) Remaudiére and Hennebert, Entomophthora culicis, Entomophthora destruens, Entomophthora gracilis (Thaxter) Remaudiére and Hennebert, Entomophthora henrici (Molliard) Humber and Ben-Ze\'ev, Entomophthora papilliata, Entomophthora radicans (Brefeld) Batko, Entomophthora rhizospora (Thaxter) Remaudiére and Hennebert, Entomophthora schroeteri, Entomophthora thaxteriana Petch, and Entomophthora variabilis (Thaxter) Remaudiére and Hennebert, have also been found to infect mosquitoes belonging to the genera Aedes, Culex, Anopheles, and Culiseta ([@i1536-2442-004-19-0001-anderson1]; [@i1536-2442-004-19-0001-roberts3]; [@i1536-2442-004-19-0001-eilenberg1]).

There are probably localities where Entomophthora spp. could be profitably introduced for control of hibernating mosquito populations, but there are no reports of such trials to date. A drawback of using Entomophthora for mosquito control would be that spores are unable to withstand humidities below 75% RH ([@i1536-2442-004-19-0001-wilding1]). An option could be to use resting spores, which remain viable for long periods, but prolonged dormancy and asynchronous germination have proven to be obstacles for practical application ([@i1536-2442-004-19-0001-hajek1]). To use Entomophthora for mosquito control, effective *in vitro* growth systems need to be developed, because most species are, as yet, unable to grow under mass-production fermentation conditions ([@i1536-2442-004-19-0001-roberts3]; [@i1536-2442-004-19-0001-papierok1]; [@i1536-2442-004-19-0001-eilenberg1]). Entomophthora destruens has been cultured on several media, but this fungal material was not infective. However, Entomophthora culicis can be isolated and grown on several media ([@i1536-2442-004-19-0001-kramer1]; [@i1536-2442-004-19-0001-papierok1]), but to produce quantities needed for large-scale bioassays and field tests, improvements in culturing methods must be made ([@i1536-2442-004-19-0001-eilenberg1]).

### 3.3 Erynia {#s1c3}

Erynia aquatica (J.F. Anderson and Anagnostakis) Humber is one of the few species within the Entomophthorales that infects aquatic stages of invertebrates. Up to 1981 the species belonged to the genus Entomophthora before Humber relocated the species to the genus Erynia. Anderson and Ringo found the fungus in 1968 on larvae of Ochlerotatus canadensis (Theobald), Culisita morsitans (Theobald) and Ochlerotatus cantator (Coquillett) ([@i1536-2442-004-19-0001-andreadis1]) as well as on pupae of Ochlerotatus stimulans (Walker) ([@i1536-2442-004-19-0001-molloy1]). Erynia aquatica is also found on adult mosquitoes, where levels of infection, particularly in over wintering populations of adults, frequently approach 100%. Epizootics have been reported over periods of several years. Erynia aquatica-infected adult Culex pipiens were however capable of flight, taking blood meals, and ovipositing in a study by [@i1536-2442-004-19-0001-anderson1]. The same authors managed to culture Erynia aquatica on an artificial medium, although the fungus grew 'abnormally'. Erynia conica (Nowakowski) Remaudiére and Hennebert is normally found infecting adults of numerous blackfly (Simulium) species ([@i1536-2442-004-19-0001-nadeau2]), but it was also able to infect Aedes aegypti in a laboratory study ([@i1536-2442-004-19-0001-cuebas-incle1]), killing up to 24% of the adult mosquitoes. Two strains of Erynia radicans (Brefeld) Batko (formerly Zoophthora radicans) proved to be pathogenic to adult Aedes aegypti in a laboratory study ([@i1536-2442-004-19-0001-dumas1]), infecting 100% at the onset of the study, although one strain lost its pathogenicity after several months.

### 3.4 Smittium {#s1c4}

Poisson established the genus Smittium in 1936. Nineteen species have been described of which three originate from Culicid larvae: Smittium culisetae [@i1536-2442-004-19-0001-lichtwardt2]). There are even indications that mosquitoes, infected with Smittium culisetae or Smittium culicis, may be supplied with certain essential nutrients synthesized by the fungus and consequently have a selective advantage over non-infested individuals ([@i1536-2442-004-19-0001-horn1]).

Smittium morbosum is not shed with gut cuticle at the time of molting and remains within the host, sometimes persisting through the pupal and adult stages ([@i1536-2442-004-19-0001-sweeney7]). In the laboratory, infected Anopheles larvae often die because of blockage of the gut by this fungus ([@i1536-2442-004-19-0001-sweeney7]). In the same article Sweeney cites two laboratory studies on Smittium spp. in which high mortalities were recorded among Anopheles gambiae ([@i1536-2442-004-19-0001-coluzzi1]), Aedes aegypti and Culex pipiens molestus (Forskål) ([@i1536-2442-004-19-0001-dubitzij1]) apparently caused by blockage of the rectum. [@i1536-2442-004-19-0001-garcia1] found Smittium morbosum infecting three Aedes, one Anopheles, four Culex, a Mansonia, Psorophora, and one Uranotaenia species in Argentina. Despite the records in which Smittium morbusum caused high larval mortalities in the laboratory, they have never been found causing moderate or high mortalities among mosquitoes in the field. For more detailed information about Smittium spp. and their hosts, see [@i1536-2442-004-19-0001-lichtwardt1].

4 Deuteromyces {#s1d}
--------------

Within the Class Deuteromycetes a morphological group of fungi known as Hyphomycetes exists. These are filamentous fungi that reproduce by conidia generally formed aerially on conidiophores arising from the substrate. Many genera of entomopathogenic fungi occur in this group of fungi. They have some of the widest of host ranges among entomopathogens, including several mosquito species. The most common route of host invasion is through the external integument, although infection through the digestive tract is possible ([@i1536-2442-004-19-0001-goettel4]). Conidia attach to the cuticle, germinate, and penetrate the cuticle. Once in the hemocoel, the mycelium grows throughout the host, forming hyphal bodies called blastospores. Death of the insect is often due to a combination of the action of fungal toxins, physical obstruction of blood circulation, nutrient depletion and/or invasion of organs. After the host has died, hyphae usually emerge from the cadaver and, under suitable abiotical conditions, conidia are produced on the exterior of the host. These are then dispersed by wind or water ([@i1536-2442-004-19-0001-goettel4]).

### 4.1 Culicinomyces {#s1d1}

In 1972, two separate isolations of mosquito-pathogenic fungi were obtained from laboratory-reared anophelines, one from Anopheles hilli Woodhill and Lee in Sydney, Australia ([@i1536-2442-004-19-0001-sweeney10]), and the other from Anopheles quadrimaculatus in North Carolina, USA ([@i1536-2442-004-19-0001-couch2]). The Australian fungus was not identified at the time of its discovery but a new taxonomic status was established for the American fungus, which was described as Culicinomyces clavosporus Couch, Romney and B. Rao. Both fungi produced similar symptoms in diseased mosquito larvae, but it was not until 1982 when, on the basis of morphological comparison, they were considered strains of the same species ([@i1536-2442-004-19-0001-sweeney8]). In the same year the species name changed from clavosporus to clavisporus Couch, Romney and B. Rao. A third isolate was found in Canada on larvae of Culiseta inornata occurring in a permanent pond ([@i1536-2442-004-19-0001-goettel5]) and two years later, in 1984, yet another Culicinomyces fungus was found parasitizing larvae of Aedes kochi in Queensland, Australia. Based on several characteristics described by [@i1536-2442-004-19-0001-sigler1], it was decided to describe the latter fungus as a new species, namely Culicinomyces bisporalis Sigler, Frances and Panter. Most research to date has focused on Culicinomyces clavisporus.

Like in all Deuteromycota, the life cycle of Culicinomyces is asexual. It usually begins with the ingestion of conidia that adhere to and penetrate through the chitinous wall in the fore- or hindgut ([@i1536-2442-004-19-0001-sweeney4], [@i1536-2442-004-19-0001-federici1]). This invasion is unusual among parasitic fungi that normally invade insects by penetrating the cuticle. Following invasion the fungus colonizes the body cavity with mycelium of hyaline, septate, branched hyphae may be killed within 2--7 days by growth of hyphae throughout the hemocoel, or within 2 days after ingestion of a high concentration of conidia (\>10^5^ conidia ml^−1^). In the latter case larvae died before the hemocoel was colonized by mycelium. The reason for this rapid death at high concentrations of inoculum is not known, but might be caused by toxic substances associated with the invading hyphae, which only attain a lethal titer when massive invasion originates from large numbers of conidia ([@i1536-2442-004-19-0001-sweeney9]). After death of the larva, hyphae penetrate through the external cuticle to form a layer of conidiophores on the outside of the cadaver. These conidiophores produce conidia, most frequently at the posterior abdominal segments, which are infective to healthy larvae. [@i1536-2442-004-19-0001-debenham1] demonstrated that an infection of Culicinomyces clavisporus originating in larvae could be carried over into the adult stage. It has been postulated that infection of the adult mosquito may be important in dispersal of the fungus ([@i1536-2442-004-19-0001-goettel5]).

The fungus is a facultative parasite of a wide range of mosquitoes and related Dipteran larvae ([@i1536-2442-004-19-0001-legner1]), though in the field only five mosquito species have been found infected, these being Ochlerotatus rupestris Dobrotworsky ([@i1536-2442-004-19-0001-russell1]), Ochlerotatus rubrithorax (Macquart) ([@i1536-2442-004-19-0001-frances1]), Anopheles quadrimaculatis ([@i1536-2442-004-19-0001-couch2]), Culiseta inornata ([@i1536-2442-004-19-0001-goettel5]), and Culiseta inconspicua (Lee) ([@i1536-2442-004-19-0001-frances1]). A study on the Australian isolate has shown that within the Nematocera, only members of the Division Culicimorpha were susceptible (families Culicidae, Chironomidae, Ceratopogonidae, and Simuliidae), whereas species of the Division Psychodomorpha (family Psychodidae) and Tipulimorpha (family Tipulidae) were not susceptible ([@i1536-2442-004-19-0001-sweeney3]). Both laboratory and field studies have shown that the Australian isolate of the fungus is highly lethal to all larvae of the genera Anopheles, Culex and Aedes ([@i1536-2442-004-19-0001-sweeney5]). It proved also lethal to the brackish-water species Anopheles farauti and Anopheles amictus hilli Woodhill and Lee when the larvae are reared in fresh water ([@i1536-2442-004-19-0001-sweeney2]). The host range of the American strain of Culicinomyces clavisporus includes species of Simuliidae, Chaoborinae, Ceratopogonidae, Chironomidae, Ephydridae, and Syrphidae ([@i1536-2442-004-19-0001-knight1]). No difference was found in virulence between the American and the Australian strains on Anopheles hilli, Culex quinquefasciatus, and Aedes aegypti ([@i1536-2442-004-19-0001-cooper1]), but a between-species comparison, with the data pooled for both strains, showed that Aedes aegypti was more susceptible to the fungus than Anopheles hilli ([@i1536-2442-004-19-0001-cooper1]).

In the laboratory, sporulation of Culicinomyces clavisporus developed on 87--95% of first instar Culex quinquefasciatus larvae within 5 days after exposure to the fungus. Conidia may remain on the cadavers for more than 3 weeks, after which their viability is still 70--90% ([@i1536-2442-004-19-0001-cooper2]). In the field however, conidia persist and remain infective for only several days ([@i1536-2442-004-19-0001-sweeney11]; [@i1536-2442-004-19-0001-frances3]), up to two weeks ([@i1536-2442-004-19-0001-sweeney5], [@i1536-2442-004-19-0001-sweeney9]), suppressing a larval population of Culex australicus Dobrotworsky and Drummond for no more than one generation ([@i1536-2442-004-19-0001-sweeney5]). It has been suggested that the application of doses lower than those used in previous tests may increase the proportion of larvae that develop sporulation. Evidence for this was obtained in laboratory observations, which showed that exposure of larvae to 10^3^ conidia ml^−1^, produced greater external sporulation on larval cadavers than exposure to 10^6^ conidia ml^−1^ ([@i1536-2442-004-19-0001-cooper2]). These findings have implications for possible field use of the fungus for biological control, as the latter result would provide more favorable prospects for recycling ([@i1536-2442-004-19-0001-cooper2]).

The effect of this fungus on mosquito field populations has been shown to be variable and difficult to predict ([@i1536-2442-004-19-0001-service2]). Several factors influence the level of pathogenicity of Culicinomyces clavisporus to mosquito larvae and species of mosquito larvae have an effect on the degree of susceptibility, with early instar larvae being considerably more susceptible to infection than older instars ([@i1536-2442-004-19-0001-sweeney5], [@i1536-2442-004-19-0001-sweeney9]), and anophelines being less susceptible than culicines. Even between different batches of Anopheles larvae, considerable differences in susceptibility to Culicinomyces have been found ([@i1536-2442-004-19-0001-sweeney5]), and amongst culicines, Aedes aegypti was found to be far more susceptible than Culex quinquefasciatus ([@i1536-2442-004-19-0001-cooper1]). Some of these differences may be due to settling of the conidia on the bottom of the assay cups: Conidia of Culicinomyces settle out of suspension at a rate of approximately 8 cm/day ([@i1536-2442-004-19-0001-sweeney5]). This suggests that the conidia are more accessible to bottom-feeding Aedes than to surface-feeding Anopheles ([@i1536-2442-004-19-0001-sweeney5]; [@i1536-2442-004-19-0001-cooper1]).

In order to control mosquito populations, conidial suspensions have been effective, but large numbers of conidia are required. In the laboratory, concentrations of 10^4^--10^6^ conidia ml^−1^ have been found sufficient to cause 100% mortality of mosquito larvae ([@i1536-2442-004-19-0001-sweeney11]). In a field experiment, using an aqueous suspension of 10^6^ conidia ml^−1^, 100% of the larvae were killed within 5 days ([@i1536-2442-004-19-0001-sweeney11]). Suspensions of 5 × 10^9^ and 10^10^ conidia m^−2^ applied to artificial ponds containing caged, laboratory-reared mosquito larvae produced 100% mortality of Culex quinquefasciatus and 68--100% mortality of Anopheles annulipes Walker larvae ([@i1536-2442-004-19-0001-sweeney5]). A field experiment, using a dose of 10^10^ conidia m^−2^ applied to a 300 m^2^ pond produced 90--95% control of late instar Culex australicus during the first week after application. However, the population recovered thereafter, showing no evidence of residual activity of the fungus. Larvae of Anopheles annulipes, which were present in low density, were not controlled by the fungus in this trial ([@i1536-2442-004-19-0001-sweeney5]).

Experiments with the Australian isolate have outlined its mode of infection, and abiotic requirements for growth and infection of mosquitoes. Optimum temperatures for germination and for growth are 27.5 and 25° C, respectively. Infection of larvae by this fungus will readily occur at temperatures between 15 and 27.5° C, but not at 30° C ([@i1536-2442-004-19-0001-sweeney1]). The fungus may therefore not be effective against larvae occupying water of which the temperature consistently exceeds 30° C ([@i1536-2442-004-19-0001-sweeney1]). This optimum temperature range is seen in the field, where the majority of natural infections with Culicinomyces clavisporus occur during the cool season ([@i1536-2442-004-19-0001-lacey2]). High salinity and organic pollution inhibits the ability of Culicinomyces clavisporus to infect larvae ([@i1536-2442-004-19-0001-sweeney2]).

Large numbers of conidia may be produced by growing the fungus in surface culture on simple and relatively inexpensive artificial media ([@i1536-2442-004-19-0001-lacey2]; [@i1536-2442-004-19-0001-goettel5]) and the complex procedures required for Lagenidium and Coelomomyces production are unnecessary. Prolonged subculture on artificial media has apparently not diminished the pathogenicity of Culicinomyces clavisporus to mosquitoes ([@i1536-2442-004-19-0001-cooper1]), although this was contradicted by the same authors ([@i1536-2442-004-19-0001-cooper2]) showing in comparative bioassays that conidia produced *in vivo* were more potent than those produced *in vitro* in four out of six assays using Aedes aegypti larvae as test insects. Submerged culture in 20--750 liter fermentors has also produced successful inocula for field trials ([@i1536-2442-004-19-0001-sweeney5]). However, problems in storage must be overcome if this fungus is to be widely used ([@i1536-2442-004-19-0001-legner1]). Aqueous suspensions of conidia lose their infectivity for mosquito larvae after several weeks of storage at 25° C ([@i1536-2442-004-19-0001-sweeney6]) and after 4 months of storage at −20° C, but not at −70° C. However, according to [@i1536-2442-004-19-0001-lacey2], storage at −70° C is not economically feasible for large-scale field application, which necessitates the need for the development of a suitable protective medium. Another drawback of Culicinomyces clavisporus is the high dosage required (100--1000 L ha^−1^) for effective control ([@i1536-2442-004-19-0001-service2]; [@i1536-2442-004-19-0001-lacey2]), and even though conidiogenesis takes place in infected mosquito larvae, persistence of the conidia in the environment is short. Other problems include the relatively high variability and unpredictability of results in the field ([@i1536-2442-004-19-0001-service2]), the fact that infected larvae are sometimes able to free themselves of the infection when they molt, and the intolerance of the fungus to high salinities ([@i1536-2442-004-19-0001-service2]). To enhance the potential of this microbial control agent, improvements should be made to develop new culture media, economic storage conditions that can prolong the stability of infective stages, and to develop formulations that increase the likelihood of contact with target species, such as flotation in Anopheles habitats ([@i1536-2442-004-19-0001-lacey2]). In spite of the selectiveness of Culicinomyces clavisporus to kill mosquito larvae, these problems have led to a reduced interest in this species, and research stopped in the mid-1980\'s. Only recently [@i1536-2442-004-19-0001-campbell1] focused on this species again by studying a genetic transformation system that forms the basis for genetic manipulation of this fungus for potential use in biocontrol of mosquitoes.

### 4.2 Beauveria {#s1d2}

Beauveria is one of the most frequently isolated entomogenous fungal genera and has a cosmopolitan distribution. Although the genus has a very broad host range ([@i1536-2442-004-19-0001-roberts3]), the natural occurrence of Beauveria on mosquitoes has been reported only four times, three of which were Beauveria bassiana (Balsamo) Vuillemin, two cases were mentioned by [@i1536-2442-004-19-0001-clark1] infecting Culex tarsalis, Culex pipiens and Anopheles albimanus, and one by [@i1536-2442-004-19-0001-pinnock1], infecting Ochlerotatus sierrensis (the original paper used the synonym Beauveria tenella (Delacroix)). The other species was Beauveria brongniartii (Saccardo) Petch, causing the only known epizootic of this genus in mosquitoes in a field population of Ochlerotatus sierrensis ([@i1536-2442-004-19-0001-pinnock1]). Conidia of Beauveria bassiana are effective in killing mosquito larvae when applied as a conidial dust to the water surface of breeding sites ([@i1536-2442-004-19-0001-clark1]). Conidia are hydrophobic, thus floating on the water surface, and contact mosquito larvae that feed below the surface mainly at the tip of the siphon, although [@i1536-2442-004-19-0001-miranpuri1] found the head to be an equally important infection site.

In laboratory tests the fungus proved virulent against larvae of Culex pipiens, Culex tarsalis, Culex tritaeniorhynchus and Anopheles albimanus, but was ineffective against Aedes aegypti, Ochlerotatus sierrensis ([@i1536-2442-004-19-0001-clark1]; [@i1536-2442-004-19-0001-sandhu1]; [@i1536-2442-004-19-0001-geetha1]), and Culex quinquefasciatus ([@i1536-2442-004-19-0001-alves1]). Susceptible species were prone to infection only shortly after molting. If infection occurred shortly before molting, the mycelium was lost within the molt. In three small-scale outdoor tests with conidia of Beauveria bassiana, reductions of 82, 95 and 69% were found on Culex pipiens larvae and pupae after two weeks ([@i1536-2442-004-19-0001-clark1]). Studies on tree holes treated with blastoconidia (5 × 10^3^ or 5 × 10^5^ conidia ml^−1^ water) of Beauveria brongniartii delivered reductions between 53 and 71% of emerging adult Ochlerotatus sierrensis ([@i1536-2442-004-19-0001-pinnock1]). Laboratory studies showed that besides Ochlerotatus sierrensis, the fungus was pathogenic for larvae of Aedes aegypti, Ochlerotatus dorsalis (Meigen), Ochlerotatus hexodontus Dyar, Culex pipiens, Culex tarsalis and Culiseta incidens (Thomson) ([@i1536-2442-004-19-0001-pinnock1]). Besides infecting larvae, the fungus proved to be virulent to adult mosquitoes as well, although no Beauveria-infected adult mosquitoes have been reported from the field. In laboratory tests against adult Culex tarsalis, Culex pipiens, Aedes aegypti, Ochlerotatus sierrensis, Ochlerotatus nigromaculis (Ludlow), and Anopheles albimanus, conidia of Beauveria bassiana produced 100% mortality within 5 days after exposure, while less than 50% occurred in corresponding controls ([@i1536-2442-004-19-0001-clark1]). In laboratory tests 82% of adult Anopheles gambiae were infected, with an LT~50~ of 3.5 days, against 8.8 days from the control group ([@i1536-2442-004-19-0001-scholte1][@i1536-2442-004-19-0001-scholte2]). Outdoor tests against adult Ochlerotatus nigromaculis in screen cages were less successful, yielding only 58% mortality ([@i1536-2442-004-19-0001-clark1]). In this case, the fact that adults rested on the screen walls of their test cages, rather than in the dusted grass that had been provided, may explain the low mortality. Sections of infected adults, fixed and imbedded in paraffin immediately after death, revealed some mycelium in regions surrounding the main tracheal trunks. It appeared that the conidia entered through the spiracles, germinated, invaded the walls of the tracheae, and subsequently were thought to release a toxin that killed the adults ([@i1536-2442-004-19-0001-clark1]). Later studies confirmed the existence of toxins produced by species of this genus; Beauvericin, Bassianin, Bassianolide, Beauverolides, and Tenellin from B. bassiana, and Oosporein from Beauveria brongniartii ([@i1536-2442-004-19-0001-ferron1]; [@i1536-2442-004-19-0001-grove1]; [@i1536-2442-004-19-0001-strasser1]). A dichloromethane extract from mycelium showed activity when assayed against Aedes aegypti larvae at 100 ppm ([@i1536-2442-004-19-0001-gupta1]). This extract contained Beauvericin and two analogues (Beauvericin A and B). The larvicidal properties of Beauvericin had already been reported by [@i1536-2442-004-19-0001-grove1], who found 86% mortality with Aedes aegypti larvae after 48 hrs at 20 g ml^−1^, but only 39% when 10 g ml^−1^ was used. These destruxins pose no obvious risk to humans, and the use of this fungus does not result in toxin levels harmful to the environment ([@i1536-2442-004-19-0001-strasser1]).

Humidity is considered as one of the critical factors affecting the outcome of both laboratory and field-tests with Beauveria bassiana. [@i1536-2442-004-19-0001-clark1] mention a study by [@i1536-2442-004-19-0001-hart1], who found optimal germination of Beauveria conidia occurring at relative humidities above 94%. Infection does not appear to be dependent on temperature ([@i1536-2442-004-19-0001-schaerffenberg1]; [@i1536-2442-004-19-0001-ferron1]). For conidia however, high temperatures may be harmful, especially in combination with high humidity conditions. The effective stages of the fungus against larvae are conidia and blastoconidia, the latter stage being far more pathogenic ([@i1536-2442-004-19-0001-miranpuri1]). Although growing blastoconidia is relatively easy, production has been abandoned because of the difficulties of storing this type of conidium ([@i1536-2442-004-19-0001-ferron1]). To produce conidiospores, a two-stage technique for mass production can be used. A pilot factory in Krasnodar (former Soviet Union) was able to produce 22 tons of Boverin annually (Beauveria bassiana conidia plus an inert carrier, standardized at 6 × 10^9^ conidia g^−1^) ([@i1536-2442-004-19-0001-ferron1]). Other products from Beauveria bassiana include Mycotrol, ESC 170 GH, and Naturalis-O, targeted against whitefly, aphids, thrips, mealy bugs, leaf hoppers and leaf-eating insects, but not mosquitoes or other Dipterans ([@i1536-2442-004-19-0001-khetan1]). Ago Biocontrol provides a Beauveria brongniartii-product in Colombia that among others also targets Diptera, but fails to specify if Culicidae are susceptible. A problem associated with using conidia is that they have no residual effect. They germinate in mosquito habitats even when not in contact with larvae. This limitation, along with the high dosage needed is serious drawbacks for mosquito larval control. Formulation with oil may overcome some of the problems. Beauveria brongniartii was considered as potential biological control agent since this species is pathogenic for larvae of several tree-hole breeding mosquito species, including Aedes aegypti, Ochlerotatus dorsalis, Ochlerotatus hexodontus, and Ochlerotatus sierrensis. However, the large doses required for significant mortality rates of mosquito larvae was not considered practical ([@i1536-2442-004-19-0001-pinnock1]; [@i1536-2442-004-19-0001-chapman1]). Moreover, another problem concerning the use of Beauveria would be its safety regarding vertebrates. Sensitivity has been reported by persons repeatedly exposed to massive amounts of Beauveria bassiana conidia preparations ([@i1536-2442-004-19-0001-ignoffo1]). However, long-term rodent tests with Beauveria bassiana conidia, including inhalation tests, subcutaneous injection, and oral toxicity tests, did not show adverse health effects.

### 4.3 Metarhizium {#s1d3}

Metarhizium, like Beauveria, is one of the most common entomopathogenic fungi, with a worldwide distribution. The species is soil-borne and infects predominantly soil-dwelling insects. Taxonomy of Metarhizium is not straight-forward. The current classification of the taxon is mainly based on the morphology of conidia and conidiogenous cells. Some authors combine these with biochemical and molecular characteristics ([@i1536-2442-004-19-0001-riba1]), and/or host pathogenicity, cold-activity and sporulation color ([@i1536-2442-004-19-0001-yip1]; [@i1536-2442-004-19-0001-rath1]). [@i1536-2442-004-19-0001-driver1] used 10 different clades, based primarily on molecular data, although this leaves room for debate. Metarhizium anisopliae consists of 4 varieties ([@i1536-2442-004-19-0001-driver1]), two of which are considered important, these being Metarhizium anisopliae var. acridum (previously designated Metarhizium flavoviride) found mainly on Homoptera and Metarhizium anisopliae var. anisopliae (Metschnikoff) Sorokin, the latter being the best known of the two species. Metarhizium anisopliae has a large host-range, including arachnids and five orders of insects ([@i1536-2442-004-19-0001-boucias1]), comprising over 200 species. Mosquitoes are not listed as natural hosts for Metarhizium anisopliae ([@i1536-2442-004-19-0001-veen1]) but some strains have shown to be virulent against mosquito larvae ([@i1536-2442-004-19-0001-roberts1], [@i1536-2442-004-19-0001-roberts2], [@i1536-2442-004-19-0001-roberts3]; [@i1536-2442-004-19-0001-ramoska1]; [@i1536-2442-004-19-0001-agudelo-silva1]; [@i1536-2442-004-19-0001-daoust1],[@i1536-2442-004-19-0001-daoust2]; [@i1536-2442-004-19-0001-ravallec1]; [@i1536-2442-004-19-0001-sandhu1]; [@i1536-2442-004-19-0001-alves1]).

On terrestrial insects, the life cycle begins with a conidium attaching to the host cuticle, forming an appressorium, followed by a penetration peg to enter the cuticle. After entering the hemocoel, hyphae are formed that produce and release toxins, killing the host 4--16 days (depending mainly on the host species) after contamination ([@i1536-2442-004-19-0001-ferron1]; [@i1536-2442-004-19-0001-khachatourians1]; [@i1536-2442-004-19-0001-boucias1]). These toxins include Destruxins, Swainsinone, and Cytochalasin C ([@i1536-2442-004-19-0001-strasser1]). Histopathological studies of elaterid tissues infected by Metarhizium anisopliae suggest that toxins (destruxins) kill the host by inciting degeneration of the host tissues due to loss of the structural integrity of membranes and then dehydration of cells by fluid loss ([@i1536-2442-004-19-0001-ferron1]). If the conditions are warm and moist, conidiophores will grow through the cuticle to cover the insect with conidia. The cycle in mosquito larvae varies from the above. If floating conidia are applied, larvae contact them when they break the water tension with their perispiracular valves for air intake. The fungus germinates and penetrates into the respirical siphon, blocking the breathing mechanism ([@i1536-2442-004-19-0001-daoust3]; [@i1536-2442-004-19-0001-lacey1]). Plugging of the spiracles usually leads to death before significant invasion of the hemocoel has occurred, so hyphal body formation is minimal. Cadavers in the aquatic environment are overrun with bacteria rather than mycelium, and no new conidia are formed. Although much less frequently observed, larvae can also ingest dry conidia ([@i1536-2442-004-19-0001-crisan1]; [@i1536-2442-004-19-0001-roberts3]), where they, apparently without germination, release lethal substances into the gut ([@i1536-2442-004-19-0001-crisan1]; [@i1536-2442-004-19-0001-roberts2], [@i1536-2442-004-19-0001-roberts3]). A mixture of these toxins (70% destruxin A and 30% B) proved toxic to mosquito larvae, with LD~50~ values of 10 to 100 ppm ([@i1536-2442-004-19-0001-roberts3]).

Many laboratory studies have shown the potential of Metarhizium anisopliae as a mosquito control agent. [@i1536-2442-004-19-0001-roberts2] observed effects on larvae of Anopheles stephensi, Anopheles quadrimaculatus, Aedes aegypti, Ochlerotatus atropalpus, Ochlerotatus taeniorhynchus, Culex pipiens, Culex restuans, and Culex salinarius, and found all species susceptible to (unformulated) conidia. In a laboratory experiment reported by [@i1536-2442-004-19-0001-ramoska1], the fungus suppressed Culex quinquefasciatus larval populations for nearly a month. On the other hand, the strain used by [@i1536-2442-004-19-0001-alves1] had lost its effect on the same mosquito species after only 3 days. [@i1536-2442-004-19-0001-daoust3], found that over half of 52 strains from a variety of hosts taken from nine countries caused more than 50% mortality of Culex pipiens larvae treated with 1 mg dry conidia per 16 cm^2^. The strains most virulent to Culex pipiens proved to be highly pathogenic to larvae of Aedes aegypti and Anopheles stephensi as well. In the same study it was shown that virulence of strains towards mosquitoes could increase 1.6 - 2.5 times by passage through mosquito larvae. In small-scale outdoor tests, using 300 or 600 mg of conidia m^−2^ in small artificial ponds reduced Culex pipiens by 91% and 94% and Ochlerotatus sollicitans by 85% and 98% within three days ([@i1536-2442-004-19-0001-roberts3]). Besides larvae, also adult mosquitoes proved to be susceptible to the fungus. Recently, adult Culex quinquefasciatus and Anopheles gambiae s.s. were infected in a laboratory study. Both species proved susceptible and succumbed to infection with unformulated dry, and oil-formulated conidia, with LT~50~ values ranging from 4--6 days ([@i1536-2442-004-19-0001-scholte1],[@i1536-2442-004-19-0001-scholte2]). A small-scale field study showed that the fungus also infects and kills wild Anopheles gambiae s.l. (Scholte et al. unpublished data)

The optimal growth temperature for most strains is 27--28° C ([@i1536-2442-004-19-0001-ferron1]), although some exceptions of cold-resistant and heat-resistant strains have been reported ([@i1536-2442-004-19-0001-bidochka2]; [@i1536-2442-004-19-0001-boucias1]). Conidia normally require a relative humidity of at least 92% to germinate ([@i1536-2442-004-19-0001-ferron1]). Conidia that are stored under dry conditions show higher germination rates (initially 96%, dropping to 80% after 60 days) than conidia formulated in paraffin oil (from 93% to 73%) ([@i1536-2442-004-19-0001-morley-davies1]). Conidia are found to survive longest at a combination of moderate temperatures and high RH (26° C and 97 % RH or 19° C and 97 % RH) or low temperature and low RH (4° C and 0 % RH) ([@i1536-2442-004-19-0001-daoust1]). The fungus can easily be grown *in vitro* ([@i1536-2442-004-19-0001-goettel4]), and storage conditions are more critical to spore survival and virulence than the substrate upon which conidia are produced ([@i1536-2442-004-19-0001-daoust2]). When relative humidity is high, conidia can be quite tolerant to high temperatures ([@i1536-2442-004-19-0001-zimmermann1]; [@i1536-2442-004-19-0001-morley-davies1]). However, conidial viability decreased rapidly when exposed to UV light ([@i1536-2442-004-19-0001-zimmermann1]; [@i1536-2442-004-19-0001-morley-davies1]). In a conidial viability experiment using a sunlight simulator at 40° C, germination ranged between 10 and 50% after 24 hrs of exposure to UV ([@i1536-2442-004-19-0001-morley-davies1]).

Several types of conidia formulations have been developed and tested for mosquito larval control including granulars, dusts, and wettable suspensions ([@i1536-2442-004-19-0001-daoust3]). [@i1536-2442-004-19-0001-ramoska2] compared two formulations, floating and sand, and found that mortality occurred sooner using the sand formulation with below-surface feeding mosquito larvae while the floating preparation worked faster on surface feeders. When suspended in an aqueous suspension containing a surfactant, or when formulated with granular carriers or dust diluents, M. anisopliae conidia tend to lose virulence compared to unformulated conidia against Culex pipiens larvae. In contrast, a diluent derived from dried castor oil significantly enhanced conidial virulence ([@i1536-2442-004-19-0001-daoust3]).

Metarhizium anisopliae has several characteristics that make it interesting as a microbial mosquito control agent. It causes high mortality of mosquito larvae in laboratory populations, the fungus can be grown in massive amounts on inexpensive artificial media, and conidia can be stored easily. Moreover, its failure to germinate in the mosquito environment until actual exposure to a host and its resulting persistence in the environment, as well as the fact that its effect is not limited to periods of host molting (as for Beauveria bassiana), make this fungus a very promising control agent ([@i1536-2442-004-19-0001-roberts2]). The fungus is commercially produced by Biocare, Australia, BCP, South Africa, Bayer, Germany (BIO 1020), and several Brazilian companies, as control agents for German cochroaches and termites, black vine weevil, citrus root weevil, sugarcane pests and Aeneolamia varia saccharina Dist., but not mosquitoes ([@i1536-2442-004-19-0001-khetan1]).

One drawback in the use of Metarhizium anisopliae for mosquito control is that conidia are not produced on submerged, fungus-killed larvae, and it is presumed that inundated releases are to be repeated frequently. This would be less convenient than a single introduction that maintains itself, like Lagenidium and Coelomomyces. Another disadvantage, as with all fungal agents, is that the conidia must contact the larvae physically. Since these are particles rather than solutions, such contact may be difficult in some situations. [@i1536-2442-004-19-0001-zimmermann2] claims that because of absence of toxicological or pathological symptoms in birds, fish, mice, rats, and guinea pigs after exposure to conidia of the fungus, Metarhizium anisopliae was safe. Also [@i1536-2442-004-19-0001-strasser1] conclude from a risk-assessment study that the fungus poses no obvious risk to humans, or the environment. However, it has been reported that the fungus may cause human keratitis ([@i1536-2442-004-19-0001-degarcia1]). Other work has shown that the fungus can cause significant mortality of shrimp, frog and fish embryos exposed to conidia ([@i1536-2442-004-19-0001-genthner1], [@i1536-2442-004-19-0001-genthner2]). The latter effects, however, were not revealed in earlier studies where guppies, exposed to massive amounts of conidia, were not affected for periods up to two months ([@i1536-2442-004-19-0001-roberts3]). Finally, regarding its broad host spectrum, use of conidia for mosquito control should be done with caution to keep the risk of contaminating non-target insects as low as possible.

### 4.4 Tolypocladium {#s1d4}

Tolypocladium cylindrosporum Gams was first isolated from Ochlerotatus sierrensis in California in 1971 ([@i1536-2442-004-19-0001-soares1]), and later from Ochlerotatus australis in New Zealand ([@i1536-2442-004-19-0001-weiser2]), and is a pathogen of mosquito larvae. In one study it appeared that also adult Ochlerotatus sierrensis were susceptible to infection ([@i1536-2442-004-19-0001-soares1]), killing 50% within 5, and 100% of exposed mosquitoes in 9 days. The fungus caused over 90% larval mortality of Ochlerotatus sierrensis and 67% in Culex tarsalis at 5 × 10^6^ conidia ml^−1^ in a laboratory study ([@i1536-2442-004-19-0001-soares1]). Both blastoconidia and aerial conidia are infectious to mosquito larvae, but blastoconidia are more virulent ([@i1536-2442-004-19-0001-goettel3]; [@i1536-2442-004-19-0001-nadeau1]). They invade the host predominantly through the exterior cuticle, but also through ingestion ([@i1536-2442-004-19-0001-soares2]; [@i1536-2442-004-19-0001-weiser1]). Nineteen mosquito species were found susceptible to the fungus, including ten Aedes spp., six Culex spp., two Culiseta spp., and one Anopheles sp. ([@i1536-2442-004-19-0001-goettel2]). [@i1536-2442-004-19-0001-weiser5] demonstrated greater than 80% mortality in mosquitoes from Tolypocladium terricola Weiser, Matha and Jegorov after 8 days. [@i1536-2442-004-19-0001-soares1] suggested that mosquitoes may die of toxic metabolites excreted by the fungus. The existence of such a metabolite, named tolypin, was described by [@i1536-2442-004-19-0001-weiser1], who found symptoms of intoxication (knock-down) of Culex pipiens larvae during the first hour of exposure to concentrations of 0.026--0.4 mg ml^−1^ in water.

It was suggested that Tolypocladium cylindrosporum was a candidate for control of mosquito and blackfly larvae in aquatic habitats in temperate areas ([@i1536-2442-004-19-0001-goettel1],[@i1536-2442-004-19-0001-goettel2]). [@i1536-2442-004-19-0001-soares1], however, suspected that replication of laboratory results with this fungus in the field could be expected only under a narrow range of conditions, which would not make the fungus practical for mosquito control. Field studies in New Zealand ([@i1536-2442-004-19-0001-gardner1]) and in Alberta, Canada ([@i1536-2442-004-19-0001-goettel2]), did indeed show evidence that the fungus was not very effective. Moreover, apparent lack of residual activity ([@i1536-2442-004-19-0001-gardner2]) decreased the interest in this fungus for biocontrol of larval mosquito populations.

Other Anamorphic fungi that have been found on mosquitoes include some species of the genera Aspergillus, Fusarium, Paecilomyces, Penicilium, and Verticillium ([@i1536-2442-004-19-0001-hasan1]; [@i1536-2442-004-19-0001-roberts4]; [@i1536-2442-004-19-0001-ballard1]; [@i1536-2442-004-19-0001-sur1]; [@i1536-2442-004-19-0001-agarwala1]; [@i1536-2442-004-19-0001-scholte1]). Fusarium oxisporum Schlecht has been isolated a number of times from Ochlerotatus detritus (Haliday), ([@i1536-2442-004-19-0001-breaud1]; [@i1536-2442-004-19-0001-hasan1]) and proved to be virulent to Culex pipiens in the laboratory, but later reports on the fungus are scarce. However, most of infections were either rare or the particular fungi were not considered highly pathogenic to mosquitoes.

Discussion {#s2}
==========

The search for effective mosquito pathogens that can be used in mosquito control operations has been ongoing for several decades. Both laboratory and field studies of those fungi that appeared to have potential for operational use, have been evaluated. If promising, this was followed by development of methods for mass production and finally implementation in operational control programs, although few fungal species have reached this latter stage of development. From the studies on fungi reviewed in this article, three common characteristics emerge. First, pathogens are mainly effective against the larval stages of mosquitoes. Second, effective control requires repeated rather than a single application of the agent during the mosquito breeding season, and third, vector control programs can only be cost-effective if the control agent can be produced *in vitro* ([@i1536-2442-004-19-0001-federici2]).

Concerning mosquito-pathogenic fungi, three genera are generally considered important; Lagenidium, Coelomomyces, and Culicinomyces ([@i1536-2442-004-19-0001-roberts3]; [@i1536-2442-004-19-0001-lacey2]; [@i1536-2442-004-19-0001-federici2]). Each one of these (and others, discussed in this paper) has one or more traits useful for mosquito control, but none of them possesses the full array of properties needed for general applied and cost-effective control. Coelomomyces spp. are very effective in killing many mosquito species, although individual species have narrow host ranges, and have often been reported to cause epizootics, with the major obstacle of dependence on *in vivo* production, making mass-production difficult. Lagenidium giganteum can probably be regarded as the fungus with the best properties for larval mosquito control, though only for stagnant waters, such as rice fields. The principle advantage of Lagenidium over the bacterium Bacillus thuringiensis israelensis (Bti) is that only a single application is required per season. Even less frequent application may be possible in some habitats, as there are indications that oospores can hibernate, initiating epizootics the following season ([@i1536-2442-004-19-0001-federici2]). Although low levels of infection are often observed after a Lagenidium giganteum population is established, recurrent epizootics have been reported ([@i1536-2442-004-19-0001-glenn1]). It is the only fungus that has been produced commercially as mosquito control agent (Laginex™). The fungal zoospores have been claimed to infect larvae of all species of mosquitoes but to be especially effective against Culex spp. ([@i1536-2442-004-19-0001-khetan1]). Culicinomyces clavisporus excited considerable interest initially, but this declined when the high dosages required for effective control and the low persistence of conidia in the environment became apparent ([@i1536-2442-004-19-0001-service2]; [@i1536-2442-004-19-0001-lacey2]).

Many mosquito-pathogenic fungi were expected to be used for the control of medically important vector species ([@i1536-2442-004-19-0001-service2]; [@i1536-2442-004-19-0001-lacey2]; [@i1536-2442-004-19-0001-federici2]). Unfortunately, none of the fungi described above are specifically adapted as larvicidal agents against important vector species such as the African malaria vectors in the Anopheles gambiae complex. The larval habitats of these mosquito species include a variety of transient, mainly sunlit, rain-water pools, such as borrow-pits, drains, brick-pits, car-tracks, foot-and hoof prints around pond and water-holes ([@i1536-2442-004-19-0001-vansomeren1]; [@i1536-2442-004-19-0001-coene1]; [@i1536-2442-004-19-0001-lyimo1]). Most of these sites are transient, and in some areas breeding is highly seasonal, following the rainfall pattern of that specific area. It is very unlikely that under normal field conditions, larvae of these mosquito species are in contact with any of the aquatic fungi discussed above, even though some infected females may contaminate a breeding site during oviposition. Lagenidium, Coelomomyces, and Culicinomyces are all aimed at the larval stages of mosquitoes and not at the adult stage. In the field, mortalities of immature mosquitoes can commonly be 95% or more, yet the numbers of emerging adults may still be sufficient for maintaining substantial disease transmission. The important issue is how adult populations are affected ([@i1536-2442-004-19-0001-service2]).

Some aquatic fungi have been found on adult mosquitoes, including species of Coelomomyces, Culicinomyces and Smittium but this is rare and not considered to be of importance. In these situations the infection takes place on late-instar larvae or pupae, resulting in survival of the mosquito into the adult stage. They probably do not account for considerable adult mortality, but infected adults may disperse the fungus to other habitats ([@i1536-2442-004-19-0001-lucarotti3]; [@i1536-2442-004-19-0001-shoulkamy2]). Pathogenic fungi that occur naturally on adult mosquitoes belong mainly to the Entomophthorales. Some species have caused epizootics in hibernating mosquitoes in relatively cool, humid, dark places in the northern hemisphere ([@i1536-2442-004-19-0001-weiser1]). Unfortunately, spores are short-lived. Moreover, the fungus\' inability to grow *in vitro* makes it an unsuitable control agent. There are, however, some fungi that are normally not associated with mosquitoes, but have proven to be highly pathogenic to adult mosquitoes. The Hyphomycetes Beauveria bassiana ([@i1536-2442-004-19-0001-clark1]) and Metarhizium anisopliae kill adult mosquitoes in the laboratory ([@i1536-2442-004-19-0001-scholte1]) and the latter fungus also killed adult Anopheles gambiae s.l. in the field in Tanzania (Scholte et al., unpublished data). However, practical application methods need to be improved.

We consider the potential for using Hyphomycetes such as Metarhizium or Beauveria for biocontrol of, especially African, vector mosquitoes high: These fungi can be cost-effectively mass-produced, even locally, and many strains are already commercially available, circumventing the time-consuming and costly process of registration, including risk-assessment of 'new' fungal control agents. Beauveria (Beauveria bassiana and Beauveria brongniartii) are produced by more than 14, and Metarhizium (Metarhizium anisopliae and Metarhizium anisoplaie var. acridum) by more than 10 companies (including some in Africa), aimed at controlling various insect pests including termites, cockroaches, black vine weevil, white flies, aphids, corn borers, cockchafers, and other insects ([@i1536-2442-004-19-0001-khetan1]; [@i1536-2442-004-19-0001-strasser1]; [@i1536-2442-004-19-0001-wraight1]). Moreover, the development of ULV-CDA formulations of conidia to control locusts in dry climates ([@i1536-2442-004-19-0001-bateman1]) opens up possibilities for the use of fungi to control mosquito vector species in dry areas in e.g. Sub-Saharan Africa such as Anopheles gambiae and Anopheles funestus (malaria), Aedes aegypti (yellow fever, dengue), and Culex quinquefasciatus (filariasis, viral encephalites).

Concerning the future of myco-insecticides, [@i1536-2442-004-19-0001-burgess1] points out: "Improvement in shelf-life duration and formulations is the key to the future and should enable fungi to compete in efficacy with chemical insecticides on nearly equal terms, and should increase projected market size towards industrial viability". He then continues with "Budgets should cater for adequate research on strain viability, including reaction to formulation requirements. Research should target three areas that need improvement: application, storage, and production".

In summary, an ideal fungus for mosquito control should have the following characteristics. It a) kills both larval and adult stages, b) requires only one or a few applications per season, c) is actively dispersed by adult females to previously unoccupied breeding sites, d) shows residual activity and persistence in the mosquito population after introduction, e) kills selectively mosquitoes and no other organisms, f) is effective over a large range of salinities, temperatures, relative humidities and breeding sites with variable water quality, g) is easily and cost-effectively mass-produced and formulated, h) retains prolonged activity during storage (long shelf-life), and i) is not harmful to humans and other non-target organisms. None of the mosquito-pathogenic fungi presently known exhibit all these characteristics, but they all exhibit at least some. To determine which fungi could be used for the control of mosquito populations depends on many factors such as the biology of the target mosquito species, its distribution (isolated or uniform), the life-stage targeted, suitability of the ecosystem for survival and viability/virulence of a fungus (biotic and abiotic factors), application methodology and costs thereof, storage facilities, whether or not a fungus can be mass-produced, and whether or not a fungus is registered and available on the market. One question that needs to be addressed is the extent to which it is worthwhile risking infections in non-target organisms, and whether there may be other foreseeable side effects.

In entomopathogenic fungi we find a huge area of partly undiscovered natural pathogens and undeveloped methodologies to apply to mosquito control. Entomogenous fungi, without the assistance of man, have been found affecting substantial proportions of many mosquito populations all over the world. This suggests that manipulation, such as increasing inoculum potential, could make fungi more efficient in mosquito control ([@i1536-2442-004-19-0001-roberts2]). Facing major problems associated with mosquito-borne human diseases (drug resistance, lack of vaccines) and mosquito control (especially insecticide resistance) it is of utmost importance to search for new/alternative agents and methods. In our view, entomopathogenic fungi, both new and existing ones with renewed/improved efficacies may contribute to an extension of the limited arsenal of effective vector control tools. These new agents and/or methods should preferentially be applied in integrated control strategies in order to gain maximum impact both on larval and adult mosquito populations.

\* indicates papers not seen by the authors.
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Overview of fungal taxa (Kingdom to genus) discussed in this review (classification and nomenclature partly after [@i1536-2442-004-19-0001-kirk1]).
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Overview of fungal species found or tested on mosquito species, either in the laboratory\* or in the field\*\*.
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![Generalized life cycle for Coelomomyces giganteum. Motile zoospores (A) attach to, and penetrate (B) cuticle of mosquito larva (lateral view). Hyphae grow (C), septate (D), and start forming sporangia (E). Exit vesicles with zoospores (F) (asexual cycle) or oospores (G) (sexual cycle) are formed (drawn by Ernst-Jan Scholte, modified after [@i1536-2442-004-19-0001-fetter-lasko1]).](i1536-2442-004-19-0001-f01){#i1536-2442-004-19-0001-f01}

![Generalized life cycle for species of Coelomomyces. (A) Biflagellate zygote infects hemocoel of mosquito larvae (lateral view) producing hyphagens, which later form hyphae. (B,C) Hyphae grow in the hemocoel and form resting sporangia. Occasionally, if infected (female) larvae survive to the adult stage, resting spores are formed and dispersed by 'oviposition'. Ultimately, meiospores (D) are released, which infect a copepod and produce gametophytes (E), each one of each will form gametangia (F) that release gametes of a single-mating type (G). Gametes of opposite mating type fuse inside or outside (H) copepod, forming a biflagellate zygote that completes the cycle by infecting another mosquito larva (drawn by Ernst-Jan Scholte, modified after [@i1536-2442-004-19-0001-federici1]).](i1536-2442-004-19-0001-f02){#i1536-2442-004-19-0001-f02}

![Generalized life cycle of an entomophthorous fungus. Conidiophores (A) on host (in this example a mosquito) forms primary conidium (B), which may form secondary conidium (C), which in turn may form tertiary conidium (D) in absence of a suitable host. Capilliconidia, formed from other conidia, may be formed, infecting a new host. Hyphal bodies (F) are formed and develop into mycelium and stroma (G), which produce resting spores (H) or conidiophores (A). Drawn by Ernst-Jan Scholte, modified after [@i1536-2442-004-19-0001-tanada1].](i1536-2442-004-19-0001-f03){#i1536-2442-004-19-0001-f03}
